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[1] A 38 kHz vessel-mounted acoustic Doppler current profiler is used to explore in detail
the dynamics of an anticyclonic and a cyclonic eddy during two transits of the cruise vessel
Explorer of the Seas from the Caribbean to New Jersey in July 2007. The radial scale of
the two eddies is similar, but whereas the cyclone is strongly surface intensified, the
anticyclone has its maximum expression with near–solid body rotation between 200 and
800 m depth. The anticyclone has a minimum in relative vorticity very close to f at 800 m
depth and the cyclone has a maximum of about +1.6 f close to the surface where f is the local
Coriolis parameter. By integrating the momentum equation the geopotential anomaly
field and hence the potential energy of the eddies can be determined quite accurately, which
means that the kinetic and potential energy of the eddies can be determined purely through
acoustic remote sensing. Given a density profile just outside the eddy one can integrate the
gradient wind equation to obtain an estimate of the density and hence potential vorticity
fields through the two eddies. The acoustic backscatter patterns in the eddies are quite
distinct from the surrounding waters. The backscatter intensity of the main scattering layer
at 600 m depth decreases by 10 dB in the core of both eddies. In the cyclonic eddy
three identifiable scattering layers in the main thermocline show a strong tendency for the
scattering layer to track the shoaling density structure toward the center of the eddy.
Citation: Rossby, T., C. Flagg, P. Ortner, and C. Hu (2011), A tale of two eddies: Diagnosing coherent eddies through acoustic
remote sensing, J. Geophys. Res., 116, C12017, doi:10.1029/2011JC007307.

1. Introduction
[2] Coherent eddies are a common feature of the oceans.
As early as the 1970s with the advent of new Eulerian and
Lagrangian current measurement techniques they were
studied both intensively and extensively (see Robinson
[1983] for a comprehensive survey of these early studies).
It was then that oceanographers became aware that coherent
eddies not only were commonplace, but also could be quite
long-lived. Early examples include the ubiquitous warm- and
cold-core rings [Richardson, 1983], while more recent studies based on surface drifter data have shown coherent features to be commonplace throughout the global ocean [Griffa
et al., 2008; Chelton et al., 2011]. Similarly, subsurface
lenses have been known to last for extended periods of time,
often measured in months to years [e.g., Armi et al., 1989;
Shoosmith et al., 2005]. Indeed, the latter study, based on
270 data years of isopycnal RAFOS float data in the northern
North Atlantic found that 15% of all trajectories had the form
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of loopers indicative of coherent eddy motion. The
Lagrangian approach has been quite effective in establishing
that coherent motion in the ocean is common both at the
surface and at depth.
[3] There have been a number of local dynamical studies of
surface eddies. Perhaps the best known and certainly early
ones are those of cold- and warm-core rings of the Gulf
Stream (GS). Richardson [1983] and The Ring Group [1981]
discuss cold-core rings (CCR) in detail, and a special issue
of Deep Sea Research, Part A, 33(11–12), 1986, details the
findings of physics, chemistry and biology of warm-core
rings (WCR) in both the Pacific and Atlantic oceans.
[4] Most early research into the dynamical properties of
coherent eddies and lenses was based on combinations of
CTD, XBT and drifter data since they took place before
the acoustic Doppler current profiler (ADCP) technology
became widely available in the 1980s. The ADCP is a
remarkable tool: through acoustic remote sensing it can
profile currents from moorings or from vessels underway
with great accuracy. In the latter case it is crucial to have
accurate knowledge of vessel movement so that its contribution to the velocity measurement can be removed and thus
determine currents ‘over the bottom’. This could only be
done with partial success before the advent of the global
positioning system (GPS) because of inherent uncertainties and oscillations of the gyrocompass. The GPS greatly
improved the effectiveness of vessel-mounted ADCPs
because special GPS receivers could determine both speed
and heading of the ship and hence the ADCP continuously
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to great accuracy. ADCPs have been installed on nearly all
major research vessels as well as on a limited number of
commercial vessels. The latter type of operation is especially
attractive because such vessels often travel the same route
repeatedly, sometimes for the lifetime of the vessel. Examples include the ferry Camellia crossing the Tsushima Straits
[Takikawa et al., 2005], the Oleander crossing the GS
between New Jersey and Bermuda [Rossby and Gottlieb,
1998], and the Nuka Arctica crossing the northeast Atlantic
between Europe and Greenland [Knutsen et al., 2005]. By
sampling the same section of water repeatedly one can
determine the mean velocity field and corresponding variability, and how these may vary over extended periods of
time [e.g., Rossby et al., 2010]. The data from these repeat
sampling programs lend themselves to a number of more
specialized studies, such as that of eddy kinetic energy
spectra [Wang et al., 2010], and the spatial distribution of
discrete or coherent eddies in the ocean [Luce and Rossby,
2008].
[5] The Luce and Rossby [2008] study focused on coherent
eddies in the Sargasso Sea just south of the GS. The study
distinguished between coherent vortices near and far from the
stream. Vortices in the Sargasso Sea had typical core relative
vorticities of about 0.25 times the local Coriolis parameter
(f ), almost equally distributed between cyclonic and anticyclonic eddies. Close to the stream one frequently found the
more intense classic CCR with an average relative vorticity
approaching that of f, but with considerable scatter. Interestingly, the study also found a number of anticyclonic
eddies very close to the GS of nearly identical size, but with a
tighter distribution in relative vorticity in the range of 0.2 to
0.3 f [Luce and Rossby, 2008, Figure 9]. These anticyclonic
vortices, coined warm water outbreaks [Cornillon et al.,
1986], appear to be formed from the expulsion of lowvorticity water at sharply curving meander troughs of the GS.
The subsequent fate of these anticyclonic vortices remains
unclear; there exists at present little or no evidence they are
long-lived, perhaps because compared to CCRs they are not
especially intense. In addition they are not as easy as CCRs to
detect, much less track, because they have little or no surface
thermal expression. In contrast, CCRs are not only strongly
cyclonic, they evince a strong thermal minimum at the surface that permits them to be tracked for many months to a
year from satellites [e.g., Richardson, 1983]. It is presumably
their strongly positive vorticity that gives them their longevity. The Luce and Rossby [2008] study did not observe
any intense anticyclones in the Sargasso Sea, but similar
features have been reported by Leetmaa [1977] and Bane
et al. [1989]. The former documents a surface-intensified
eddy with well-mixed 18°C water to 600 m depth (following
the intense 1977 winter), and the latter describes the velocity
structure of a thermocline lens with only a weak surface
expression.
[6] This study is prompted by the serendipitous discovery
of a very intense anticyclone in the middle of the Sargasso
Sea at 30°N, 70°W from a cruise vessel, the Explorer of the
Seas, which is equipped with a 38 kHz ADCP that can reach
to 1200 m depth. The Explorer bisected this eddy, not only
once, but twice, on two consecutive transits from the Caribbean to New Jersey. On the second transit it also bisected a
CCR just south of the GS. The data are of excellent quality.
In this paper we shall take a close look at these deep-reaching
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profiles to document the velocity field of these two eddies,
and more generally to explore the potential of acoustic
remote sensing for dynamical assessments of eddy vorticity
and energetics, and acoustic backscatter for assessments of in
situ biomass distributions. A brief description of the instrumental setup in the Explorer is given in section 2.1 along
with a summary of the principal characteristics of the data.
Section 2.2 develops the analysis methods that will be used.
Sections 3.1 and 3.2 present the ADCP data and deduced
geopotential anomaly, vorticity and energetics fields for the
two eddies, while section 3.3 discusses efforts to determine
the density field. The backscatter data and what these can
tell us about particulate matter in the water column appear in
section 3.4. Section 4 discusses the findings and includes
a brief assessment of eddy origin and age.

2. Data and Analysis Methods
2.1. Data
[7] The Explorer is a 311 m long cruise liner with a draft of
8.3 m. The vessel is equipped with a wide range of meteorological and oceanographic instrumentation (http://sealion.
rsmas.miami.edu/). She has a reported top cruising speed of
23.4 Kt and was cruising at 22.5 Kt at the time the data used
in this study were collected. The Explorer is outfitted with a
hull-mounted acoustic Doppler current profiler (ADCP)
operating in the narrowband mode, enabling it to measure
currents relative to the vessel to depths as great as 1200 m.
The ADCP is covered with an acoustic window to protect the
radiating surface and reduce flow noise. Currents are derived
from the Doppler shift of backscattered acoustic energy from
acoustic pulses transmitted in four separate 30° slant angle
beams. The Doppler shift is measured at increasing time
delays after transmission corresponding to increasing depth.
Knowing the Doppler shift in each of these beams and
assuming that the horizontal motion at each slant distance
below the vessel is the same in all four beams, one can
determine to the horizontal and vertical velocities relative to
the instrument. The single ping accuracy of velocity is
reported by the manufacturer to be 0.23 ms1 (http://www.
rdinstruments.com/surveyor.aspx). Through repeat measurement over a short period of time, in this study 5 min, an
ensemble of up to 60 pings (it pings every 5 s) will reduce the
uncertainty to about 0.03 m s1. A faster ping rate could be
used, but the ship also operates a 150 kHz ADCP and was
operated at alternate times to avoid interference. However,
experience from other users indicates that more frequent
sampling is possible (J. M. Hummon, personal communication, 2011). The speed and orientation of the ship was
determined from a topside mounted Thales ADU-5 GPS
receiver, which gives the instantaneous heading of the ship to
better than 0.1°T accuracy. Heading accuracy is crucial
because even an 0.1° error times the speed of the vessel,
12 m s1 (22.2 Kt), will lead to a cross-track error of 12 
sin(0.1°) = 0.021 m s1 apparent cross-track velocity. An
accurate heading instrument should always be seen as an
integral part of an ADCP installation [Flagg et al., 1998].
The 5 min ensemble averages of velocity and backscatter use
only pings that have not been contaminated by bubbles in the
acoustic beam, the test for which is that the a full profile to
>1000 m is obtained meaning that there is very little signal
loss or attenuation because of bubbles. Finally, the percent
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good criterion for each ensemble depth bin shall be 25% or
greater. In good weather (such as for the data used here) a
5 min ensemble will typically have close to 100% data return
to about 1000–1100 m depth beyond which it drops off
rapidly. Beal et al. [2008] give a detailed description of the
data treatment methods for the Explorer ADCP data. Users
of the 38 kHz ADCP in other parts of the world report similar depth range capabilities (Drake Passage, T. Chereskin,
personal communication, 2011; northeast Atlantic, K. AbelMichaux, personal communication, 2011; equatorial Pacific,
J. M. Hummon, personal communication, 2011).
[8] The profiles used here have been interpolated from the
original data with the first depth at 48 m depth and every 24 m
thereafter, and a horizontal separation of 3.47 km (5 min
average at 22.5 Kt speed). Binning the ping data more finely in
the horizontal is possible, but at a cost of larger uncertainty.
2.2. Analysis Methods
[9] Assuming an eddy is circular it becomes quite
straightforward to determine the required pressure field to
balance its velocity field. But rather than pressure, p, we use
geopotential F = gz = p/r, which measures the potential
energy of a unit mass relative to some origin [Fofonoff,
1962]. The momentum equation for steady flow in cylindrical coordinates becomes thus


v2
1 ∂p ∂F
 fv ¼ 
¼
;
r
r ∂r
∂r

ð1Þ

where v is the circumferential velocity, positive/negative for
cyclonic/anticyclonic eddies, r is density, and r is distance
from the center. In cyclones the pressure gradient balances
both the Coriolis and centrifugal terms; in anticyclones the
Coriolis term balances both the pressure and centrifugal
terms. Integrating equation (1) with respect to r gives us the
radial distribution of geopotential along a level surface relative to the starting point. This integration can be done at any
depth z for which the velocity field is known. The integration
is in principle exact for steady circular flow because both
terms of the left-hand side are known from the data.
[10] Estimating potential energy in the eddy follows
directly from the above since F = gz represents the work
required against gravity to raise a unit weight a distance z.
Relative to a field at rest outside F will be positive for
anticyclones, and negative in cyclones. Multiplying by r and
integrating in the vertical we get the potential energy of a
water column per unit area relative to some background
profile Fb:
Zzs
Eo ¼

Zzs
rðFo  Fb Þdz ¼

zr

rDFdz;
zr

where the integral runs from a reference depth to the surface
and DF represents the departure of the observed geopotential surface from its background value at the same depth. It is
a function of z and r. To estimate potential energy per unit
area for a layer, between the surface (s) and some selected
depth (i), say, the reference depth is not needed:
Zzs
Esi ¼

Zzi
rDFdz 

zr

Zzs
rDFdz ¼

zr

rDFdz:
zi

ð2Þ
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[11] What makes this statement so useful is that DF is
known at each and every depth from the momentum equation, equation (1). A further integration across the eddy gives
the total potential energy (TPE):
ZZ
TPE ¼

Esi dxdy:

ð3Þ

[12] No hydrographic information is needed. This quantity
is positive in anticyclonic and negative in cyclonic eddies.
[13] The total kinetic energy (TKE) harbored in the eddy
can be obtained directly from the observed velocity field:
ZZ
TKE ¼

2
4

Zzs

3
ðu2 þ v2 Þ 5
dz dxdy;
r
2

ð4Þ

zi

where the external integral assumes the velocity field decays
to zero outside the eddy. In practice some judgment must be
exercised to decide where that cutoff should be.
[14] The relative vorticity follows directly from the velocity field. Again, assuming rotational symmetry we have
z ¼ v=r þ ∂v=∂r:

ð5Þ

In section 3.3 we discuss the estimation of density and
potential vorticity.

3. Observations
3.1. The Anticyclone at 30°N
[15] Figure 1 shows velocity vectors at 48 and 600 m depth
for the two crossings, 13 July and 27 July. In both cases the
Explorer cuts almost perfectly through the center of the eddy.
The eddy appears to be more isolated during the first crossing
given the near-zero velocities both south and north of it then,
but as will be seen in section 4, the eddy is actually the
anticyclonic half of a vortex pair. The Explorer missed the
cyclonic part.
[16] The vertical structure of the eddy can be seen in
Figure 2, which shows the velocity component normal to the
ship’s track in m s1 where red is positive to the east. As can
be seen in Figure 1, the ship all but passes through the eddy
center such that the normal velocity in effect represents the
azimuthal or swirl velocity field. The eddy has a strong
surface expression, but appears to be more intense at about
600 m depth range judging from the strength and tightness
of the velocity field there. Between about 200 and 900 m the
centerline is rigidly vertical.
[17] The geopotential anomaly, expressed in terms of its
elevation in meters, z = F/g, is estimated using equation (1).
The integration starts at 28.5°N for each layer separately; no
smoothing of any kind has been applied. The results are
shown in Figure 3 (the blanked area at depth is due to missing
data.) It is encouraging that (1) the geopotential field exhibits
a well-defined symmetry, reflecting of course the strong axial
symmetry of the eddy, and (2) the vertical profile at the end of
integration, in the north, is quite smooth such that the banded
patterns at 32°N (especially for 27 July) amounts to no more
than 0.05 m. Visual inspection of Figure 3 gives the
impression that the eddy has intensified between the two
transects, but this is misleading because the integration
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Figure 1. Plot of velocity vectors from the Explorer. The projection is pseudo-Mercator and the directions
are Cartesian: 1 m s1 = 1° longitude. Red and blue vectors are at 48 and 600 m, respectively.
includes a band of westward flow south of the eddy on
27 July but not 13 July. Since eddies are not in general
isolated features there is no obvious start or end point outside them. To show that the eddy has undergone little change
during the two week interval we take an eddycentric
approach in which we subtract the center profile from the
rest of the section; this sets the geopotential anomaly = 0 at
the center, and is equivalent to integrating from the center
out at each depth. To show that the fields are similar we
subtract the 13 July transect from 27 July (after colocation of
the eddy centers) to obtain the difference field in Figure 4. It
shows clearly that the dynamic height fields are essentially
identical (to within 0.02 m) out to 40 km north and 60 km
south of the eddy. The increase in geopotential to the north

reflects the reduced eastward transport on the northern side
from the first to the second crossing.
[18] The relative vorticity fields for the two transects are
shown in Figure 5. They are low-pass filtered over 8 points
(=28 km) along the ship track at each depth. Note the
sharpness of the transition from the core to the outside and
the vertical bands of shear outside. One also sees striking
vertical bands of positive and negative vorticity outside the
eddy. The single transects two weeks apart do not allow us to
examine the time dependence of these patterns. In all figures
relative vorticity has been normalized by the local Coriolis
parameter. The vertical and radial structure of the vorticity
field can be seen in better detail in Figure 6. The vertical
distribution in the left panel was determined through a least

Figure 2. Eddy velocity normal to ship’s track between 50 and 1200 m depth. The ADCP velocity profiles
are complete to 1080 m. Color scale indicates velocity in m s1, positive to the east.
4 of 17
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Figure 3. Geopotential anomaly field in eddy expressed in meters of water for the two transects.
Maximum anomaly = 0.43 and 0.65 m, respectively. Color scale indicates geopotential anomaly expressed
in meters.
square fitting process using all vectors with a 20 km box
around the center of the eddy to solve for two unknowns: the
center and rate of solid body rotation at each 24 m depth
increment. It is quite striking how similar the two profiles are,
not just the bold outline, but also in some of the structural
details. Thus the 27 July vorticity profile has almost exactly
the same shape although the core appears to be about 0.05 f
weaker and has contracted perhaps 30 m at the top (300 m
depth) and the bottom (900 m depth) over the 2 week period.
The relative vorticity at the bottom of the core is very close
to f. The right panel shows the radial distribution of relative vorticity averaged between 500 and 700 m, between
which the vorticity field is well developed and essentially

depth independent, as can be seen in Figures 5 and 6 (left). It
shows the sharp transition in vorticity at 30.05 and 30.65°N
denoting the boundary between the core and surrounding
waters. The transition takes place where the azimuthal
velocity is a maximum and shear changes sign, and does so
over a very narrow radial distance. This has been observed
in other mesoscale studies [e.g., Elliott and Sanford, 1986;
Tokos and Rossby, 1991; Rossby and Zhang, 2001]. Beyond
the transition the relative vorticity almost immediately
assumes that of the environment even though both curvature
and shear vorticity individually are significantly nonzero (but
of opposite sign, not shown).

Figure 4. Difference in geopotential anomaly between the two transects after colocating the center of the
eddy (see text for details). The mean and standard deviation of the field is 0.01 and 0.018 m, respectively.
Color scale indicates geopotential anomaly difference in meters.
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Figure 5. Vertical structure of relative vorticity across the eddy. The beaded lines in the center are due to
large errors in estimates of shear vorticity at the point of closest approach to the center of the eddy at that
depth. Color scale indicates relative vorticity normalized by the local Coriolis parameter.
[19] The eddy kinetic and potential energy of the 30°N
anticyclone are quite similar for the two transects, although
activity in the surrounding waters adds an element of uncertainty about where to terminate the radial integration. The
radial distribution of vertically integrated (averaged) kinetic
energy is shown in Figure 7. The layer velocity at 48 m depth
is extended to the surface and the velocity at 1080 m is
extended to 1104 m. The thin lines show kinetic energy
approaching and leaving the eddy center. The crosses and
boxes show the average of these two eddies in 10 km increments from the center out. It is these that are integrated
(assuming axial symmetry) to yield the total kinetic energy
(TKE) of the eddy. Integrating these to 150 km yields 0.63 
1016 and 0.77  1016 J, respectively. The corresponding PE
distributions, E s-i, determined from equation (3), are shown

in Figure 8. Unfortunately E s-i is quite sensitive to how far
out to integrate since it does not level out as readily as does
the kinetic energy integral. If we adjust the E si curves so
that they cross zero at 175 km (where the 13 July curve seems
to level out) the two curves yield 1.13  1017 and 1.31 
1017 J, respectively, for total TPE. If we shift them to cross
zero at 155 km corresponding to the TKE integration, we
obtain 0.9  1017 and 1.03  1017 J.
3.2. The Cyclonic Eddy
[20] The cyclonic eddy at 35°N has all the characteristics
of a Gulf Stream CCR. Figure 9 shows both the vector patterns and a vertical cross section of velocity normal to the
ship’s path. The width of the eddy is similar to that of the
anticyclone, but as both panels show, the eddy is shallower

Figure 6. (left) Vertical profile of relative vorticity at the center of the eddy and (right) radial distribution
of relative vorticity averaged between 500 and 700 m depth. The July 27 profile has been shifted north
0.185° to align the eddy centers. The outliers near 30.35°N are due to the very short distance to center
and uncertainties in estimating radial distance and shear vorticity ∂v/∂r.
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Figure 7. Radial distribution of vertically averaged (0–1104 m) kinetic energy for the two transects. The
maxima are at 40 and 48 km for the first and second crossings. The thin lines show kinetic energy as the
ship approaches and leaves the eddy center. The crosses and boxes show the average of these two in 10 km
increments from the center out.
and conspicuously surface intensified. It exhibits striking
axial symmetry with 1.3 m s1 swirl velocities in the top
300 m. As for the anticyclone, the geopotential anomaly field
F can be determined by integration of the velocity field using
the momentum equation (1) (Figure 10, left). Because the
Explorer cuts almost perfectly through the center of the eddy,
the integration captures the full amplitude of z = F/g. As a
cyclonic feature the dynamic height anomaly is significantly
larger than for the anticyclone with a minimum of 0.9 m
relative to the surrounding waters. This is a characteristic of
cyclonic systems since the dynamic height anomaly must
balance both the Coriolis and centrifugal terms. The relative
vorticity field is strongly positive reaching about +1.6 f at
the center near the surface, Figure 11. While the eddy is
distinctly surface intensified, it still has presence at 1100 m
depth with a geopotential anomaly and relative vorticity of
0.1 m and +0.1 f, respectively.
[21] The kinetic and potential energy distributions are
shown in Figure 12. The maximum in vertically averaged
kinetic energy at 35 km has significantly higher levels than
the anticyclone (Figure 7) despite the rapid decay in velocity
with increasing depth. The tightness of the eddy becomes
even more evident in the rapid drop off beyond its maximum.
Nonetheless, the 0.57  1016 J total kinetic energy in the
cyclone integrated to 115 km is only slightly less than the
0.7  1016 J average for the anticyclone. The corresponding
TPE integral is 0.6  1017 J, which is about two thirds that
of the anticyclone.
3.3. Estimating the Density and Potential Vorticity
Fields
[22] To estimate potential vorticity, PV, requires knowledge of the density field. Unfortunately, the Explorer

does not release probes to measure temperature or salinity,
so we employ an indirect approach using the momentum equations to estimate density from the velocity field.
Cross-differentiating the momentum equation (1) with the

Figure 8. Radial distribution of Es-i, PE per unit area as a
function of distance from the eddy center. The thin lines
show Es-i, approaching and leaving the eddy. They start at
PE = 0, increase toward the center and decrease at rates
reflecting the local velocity field at the perimeter. The crosses
and boxes show the average of these two in 10 km increments
from the center out. The two average curves have been
shifted so they cross 0 at 175 km.
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Figure 9. (left) Velocity vectors at 48 and 600 m depth (red and blue vectors, respectively) along the
vessel track. (right) Normal velocity from the surface to 1200 m. Units for the color scale are m s1.
hydrostatic balance equation (0 = ∂p/∂z  rg) to eliminate
p, we obtain the standard gradient wind equation in cylindrical coordinates:


∂v 2v
g ∂r
þf ¼
:
∂z r
r ∂r

ð6Þ

[23] Given a background or starting density profile r(z),
one can integrate equation (6) in the horizontal to obtain the
density distribution throughout the eddy. The integration is
of course along the ship track, but the horizontal step, ∂r, is
dictated by the change in radial distance from the center of
the eddy. The background density profiles used here (135519

at 35°N, 70°W and 135509 at 30°N, 70°W) were obtained
from the global marine hydrographic database of Gouretski
and Koltermann [2004] using Ocean Data View (available at http://odv.awi.de). We also assume here that timedependent effects such as tides, inertial motion and internal
waves have negligible effect. We can safely rule out tides as a
major source of error since in the open ocean away from any
major topography tidal currents are weak and of very large
scale. The Internal Wave Experiment (IWEX) near 28°N,
70°W found very little tidal energy [Briscoe, 1975]. Inertial
motion may be more energetic, but possesses limited vertical,
O(100) m, and horizontal scales of coherent motion, <104 m,
and thus will average out in the integration. Internal waves
have even smaller scales of coherence.

Figure 10. (left) Geopotential anomaly z = F/g according to equation (1) integrated from the left margin.
(right) Relative vorticity normalized by the local Coriolis parameter. As with Figure 5 the velocity field was
low-pass filtered using 8 points in the horizontal. The beaded line is due to errors in estimating ∂v/∂r at
the point of closest approach.
8 of 17

C12017

ROSSBY ET AL.: DIAGNOSING COHERENT EDDIES

C12017

Figure 11. (left) Vertical profile of relative vorticity at the center of the eddy and (right) radial distribution
of relative vorticity averaged using 8 points in the vertical between 96 and 288 m depth. The outliers near
34.9°N are due to the very short distance to center and uncertainties in estimating shear vorticity ∂v/∂r at the
point of closest approach.
[24] The absolute vorticity factor in equation (6) will be
close to zero in the 30°N anticyclone and conversely will be
quite large in the CCR at 35°N. As one would expect, this
will lead to very low and high stratification, respectively, in
the two eddies. Figures 13 and 14 show Figures 2 and 9
(right) this time using mean density profiles near the two
eddies as the starting point for the integration of equation (6).
Given the boldness and similarity of the velocity fields for the
two crossings of the AC, it is not surprising that the density
fields should be so similar. But the fact remains that we have
assumed a starting density profile, so these are only approximations of what was the actual density distribution. It is of
great interest to examine in greater detail the accuracy of this
method of determining the density field, a question we plan
to return to soon.

[25] The Ertel PV consists of two terms reflecting shear
and density gradients in both the vertical and horizontal, i.e.,
the tilt of the density surfaces:
PV ¼



N 2 v ∂v
1 ∂v ∂r
þ þf þ
;
r ∂z ∂r
g r ∂r

ð7Þ

where the Brunt-Väisälä frequency N is defined as N2 =
g ∂r
. All terms in equation (7) are known since N2 is

r ∂z
directly available from the density field. Although it is not
readily apparent from the figures the integration of the horizontal density gradient did lead to very weak inversions in a
few places (the most conspicuous being the inversion at 200 m
depth in the CCR). Since these are physically unrealistic we

Figure 12. (left) Radial distribution of vertically averaged kinetic energy and (right) potential energy per
unit area. The potential energy extremum of 6.0  106 Jm2 near the center is 20% larger in magnitude than that of the anticyclone (Figure 8) but decays more rapidly with increasing radius.
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Figure 13. Velocity normal to ship’s track in the anticyclone between 50 and 1200 m depth with estimated density superimposed. Color scale indicates velocity in m s1, positive to the east.
reset any value for N2 less that 108 s2 to this value (corresponding to a buoyancy period of roughly 3 h) when estimating PV. Figures 15 and 16 show the resulting PV fields.
In all three cases the reference density profile used to determine the density fields was positioned 1° latitude south of the
eddy center where the velocity was relatively weak. The lowvorticity core of the anticyclone has a distinctive top-like
shape with a narrow intense minimum at 900 m depth. The
core has its maximum lateral extent in both cases at 500 m
depth above which it closes off at about 400 m depth. The
core PV is <4  1012 m1 s1 between 900+ and 400 m
depth. Beyond these limits PV increases very rapidly, especially at the deep limit.
[26] The PV structure of the CCR has a strikingly different
structure. First, it does not appear to have a fully ‘solid’ core

of uniform PV, instead PV increases sharply toward the
surface. At 200–300 m depth the central maximum in PV is
surrounded by a torus of very low PV (<4  1012 m1 s1)
resulting from the rapid shoaling of the isopycnals and hence
weak stratification.
[27] Of the two terms that make up PV the first term in
equation (7) is by far the dominant one. The second term
matters only around the flank of the cores where both vertical
shear and the horizontal density gradient are strong.
Figure 17 shows the second term for 27 July crossing of the
anticyclone (left) and CCR (right). The added contribution
amounts to 10% for the former and 5% for the latter. The
pinch in the PV core near 800 m depth (Figure 15) results
from a competition between increasing density with depth
(not shown) and increasingly negative relative vorticity as

Figure 14. Velocity normal to ship’s track in the cold-core rings (CCR) from the surface to 1200 m with
estimated density superimposed. Units for the color scale are m s1.
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Figure 15. Potential vorticity (PV) distribution in units of 1012 m1 s1 in the anticyclone (left) 13 July
and (right) 27 July. Adjacent contours double in value starting at 4.
seen in Figure 5. It may also indicate the limitations of
using an average density profile as a starting condition for
equation (6).
3.4. Acoustic Backscatter Patterns
[28] In addition to the Doppler information used to measure currents, ADCPs also log a logarithmic measure of
volume backscatter strength, sv, which in the open ocean is
due to the presence of organisms in the ensonified water
column. This is of course of inherent biological interest. Here
we exploit the backscatter information to explore the spatial
distribution of organisms in the two eddies which show patterns that are quite striking. The recorded raw data span a
very wide dynamic range because of biological variability as
well as the spherical spreading of the transmitted signal and

the two-way attenuation. There is further distortion of the
signal near maximum range when the signal is only marginally stronger than the noise floor. Conventionally we have
used an acoustic propagation equation from the work of
Deines [1999] to account for the decrease in signal strength
with range but that formulation overamplified the signal
toward the maximum range for the ADCP. This effect was
due to an assumption that both the acoustic and electronic
noise were much smaller than the signal of interest. That is
not always true and recently Gostiaux and Van Haren [2010]
developed a methodology that properly accounted for the
noise as well as treating the square law spreading and
acoustic attenuation. We have used a version of their method
(see Appendix A) to produce the range-corrected acoustic
backscatter transects shown in Figure 18.

Figure 16. PV distribution in units of 1012 m1 s1 in the cyclonic eddy 27 July. Adjacent contours
double in value starting at 4. The void in contours in the lower center is due to a lack of density information
there (starting values for isoycnals here lie deeper than 1100 m).
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Figure 17. The second term in equation (7) in units of 1012 m1 s1 for the (left) anticyclone and (right)
CCR. Adjacent contours double in value starting at 4. The void of contours in the lower center of the CCR
is due to a lack of density information (starting values for isopycnals here lie deeper than 1100 m).
[29] The strengths and limitations of any single frequency
approach to estimating organism distributions are well
understood. For the 38 kHz ADCP used here the acoustic
wavelength is about 3.9 cm, which is large compared to the
dominant zooplankton in the region. The volume backscatter
is very sensitive to the size distribution of organisms as well
as to the total number which means that interpreting the
results from a single frequency instrument like ADCPs
has to be done with care. A number of net-based samples of
both zooplankton and mesopelagic fisheries were taken in
cold-core rings (and the adjacent Sargasso Sea) during the
1970s [e.g., Wiebe et al., 1976; Ortner et al., 1978; Jahn,
1976; Wiebe and Flierl, 1983]. In our case, the relatively
low frequency and large acoustic wavelength of the 38 kHz
ADCP suggests our acoustically observed distributions may
be primarily larger animals such as mesopelagic fishes (e.g.,
Myctophids or Cyclothone), large euphausids and shrimp
rather than the more abundant copepods that dominate
regional zooplankton biomass.
[30] The anticyclone was sufficiently large that it took the
Explorer 7 h to traverse the eddy and in both cases she
did so during the nighttime hours. A diel migration up to
the surface near sunset shows up clearly in both sections
(Figure 18, top left and right). It appears as a thin line
shoaling at 29°N. A particularly notable feature of the anticyclone is that there is a significant central scattering void
below the surface layer that extends throughout the (low
vorticity) core some 50 km in width. The lack of scattering at
the depth of the main deep scattering layer (600 m) is also
striking. The reasons for these anomalies are unknown
although we note that the stratification is particularly weak in
the core of the anticyclone. There has been to our knowledge
no net sampling within an anticyclone in the northwestern
Sargasso Sea.
[31] The CCR was smaller than the anticyclone and the
ship passed through it during daylight hours so no vertical
migration can be expected. The degree to which the backscatter signals track the density contours is noteworthy. All
four scattering layers present outside the CCR (top 100 m,

thin one at 200 m, thin one at 400 m and major one at 600 m)
are severely attenuated as the isopycnals shoal inside the
eddy. The backscatter minimum at 150 m extends downward
to about 300 m (in the 18°C pycnocstad) and appears to
merge with a minimum at the surface center of the CCR.
Only the deepest faint scattering layer at 900 m intensifies
as it shoals to 700 m in the core. Shoaling per se is not
surprising in that isotherms shoal in a CCR and this has been
shown to influence vertical distributions [Endo and Wiebe,
2007; Wiebe and Flierl, 1983]. Moreover, Jahn [1976] and
Boyd et al. [1986] report the center of mesopelagic biomass
in the Slope Water can be considerably shallower than in
the Sargasso Sea. On the other hand, the dramatic central
backscatter minimum extending up to the near surface is
unexpected in a CCR. Prior CCR studies suggest that for a
considerable period of time after ring formation zooplankton
biomass remains higher within a CCR than in the surrounding Sargasso, reflecting higher initial Slope Water zooplankton biomass [Ortner et al., 1978; The Ring Group, 1981].
Slope Water mesopelagic biomass and abundances are also
generally higher than in the Sargasso and intermediate in
CCRs [Backus et al., 1970; Backus and Craddock, 1982].
Moreover this difference is present in sound-scattering profiles [Backus and Craddock, 1977]. Because of a lack of
species data any causal inference from these profiles would
be purely speculative.

4. Discussion
4.1. Origin of the Eddies
[32] There is little question the cyclonic eddy is a
classic CCR. Its movement can be tracked in both advanced
very high resolution radiometer (AVHRR) sea surface temperature (SST) and mapped sea surface height (SSH)
from Archiving, Validation, and Interpretation of Satellite
Oceanographic data (AVISO) (http://www.aviso.oceanobs.
com/es/data/index.html). It was formed from a rapidly
developing GS meander trough near 68°W in late March and
can be followed from SST nearly continuously thereafter
(http://fermi.jhuapl.edu/avhrr/gs/averages/index.html). When
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Figure 18. Range-corrected backscatter patterns (in dB) with estimated density fields for (top) the 13 and
27 July anticyclone transits and (bottom) the CCR transit. The color scale applies to all panels.
the Explorer transited the ring it was four months old. Consistent with this relatively young age near surface (3–4 m)
seawater monitoring systems on board the Explorer measured lower temperatures, lower salinities and slightly higher
chlorophyll fluorescence while transiting the ring [The Ring
Group, 1981; Ortner et al., 1979]. It had drifted west 4°
(68 to 72°W) or 3 km/d, a rate somewhat less than reported
mean drift speeds [Richardson, 1983]. It continued to drift
SW before it appeared to be reabsorbed into the GS near
74°W in December 2007.
[33] Identifying the origin of the anticyclone presented a
more serious challenge. We examined the AVISO SSH maps
in some detail and two alternatives presented themselves, one
that the eddy spun up in place – to be paired with a cyclonic
eddy to its immediate NNE. The other was that this was
a preexisting pair that had rapidly swept into the area from
the west. The AVISO SSH series hinted at this except that
the required translation speed of O(0.15 m s1) seemed
unrealistically high coupled with the weak amplitude of
the eddy pair during this time. Superimposed SST images
from AVHRR and Moderate Resolution Imaging Spectroradiometer (MODIS) (http://modis.gsfc.nasa.gov/) did not
show any temperature contrast corresponding to the ADCP

field or AVISO SSH observations of the eddy pair. However,
MODIS ocean color images clearly revealed their evolution
over time (Figure 19). These 1 km resolution color images
were derived using the MODIS land bands (to avoid saturation) with an empirical correction to remove sun glint contamination and to partially correct the atmospheric effects
[Hu, 2011]. The color index (CI) value (increasing from
purple and dark blue to light blue) was derived as the
reflectance height at 555 nm referenced against a linear
baseline between reflectance at 469 and 645 nm, and thus
representing relative abundance of phytoplankton (chlorophyll a concentration). The observed color patterns appear to
be shaped primarily by currents (which can be inferred from
SSH), but upwelled nutrients may also play a role [Lehahn
et al., 2007]. The bottom panel shows the velocity vectors
from the 13 July Explorer transect superimposed on ocean
color 16 July. The vortex pair with its characteristic hammerhead pattern to the east shows up clearly, and the velocity
vectors clearly align with the southern, anticyclonic swirl
pattern. The SSH contours, derived for 18 July, 2 d later,
show good agreement with the ocean color patterns thus
confirming a solid three-way agreement between velocity
vectors, ocean color and SSH. The top panel shows the same
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Figure 19. Moderate Resolution Imaging Spectroradiometer/Aqua 500 m resolution ocean color imagery
showing eddy features on (top) 17 June 2007 and (bottom) 16 July 2007 overlaid with sea surface height
contour lines from Archiving, Validation, and Interpretation of Satellite Oceanographic 8 d composite data
centered on 20 June 2011 and 18 July 2011, respectively. Also overlaid are the acoustic Doppler current
profiler (ADCP) velocity fields along the Explorer transect. The colors represent relative abundance of phytoplankton (chlorophyll a concentration), increasing from purple and dark blue to light blue and cyan. Light
gray and scattered green patches represent clouds.
vortex pair one month earlier with a strong eastward flow in
between suggesting self-advection of the pair. The distance
between the anticyclonic centers 20 June (image) and 13 July
(vectors) implies an eastward displacement speed of 0.15 m
s1; 70°W is as far east as the anticyclone gets. The 27 July
Explorer transect shows the eddy in the same position, after
which time the pair can be seen in SSH slowly drifting back
west over the next several months. The rapid shift east in June
may be the reason AVISO did not capture the full intensity of
the vortex pair; most likely because the objectively interpolated SSH maps use weighted asynoptic information spanning a 7 d period around the posted date.
4.2. Vorticity Field
[34] The profile of relative vorticity in the core of the
anticyclone is remarkably structured and remains all but the

same from the first to the second crossing. The very sharp
transition out of core at the top and especially at the bottom
where a reproducible extremum in relative vorticity is evident. The sharpness of these transitions is on such a small
vertical scale that it suggests the existence of an internal
Ekman layer that defines the upper and lower limits of the
core. Thinking that there might exist an associated radial
component of motion and convergence, we estimated ∂u/∂r
for the core as a function of depth. For the 13 July crossing it
could not be distinguished from zero (<1  106 s1). For
the 27 July crossing ∂u/∂r was on average 1  106 s1, a
very small convergence. More importantly, in neither case
could any radial motion be associated with the extrema in
relative vorticity at the top or bottom of the core. There were
hints of inward flow, but not clear enough to be confident
of its reality.
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Table 1. Comparison of Cold-Core Ring Energy Levels
a

Study

TPE
(1017 J)

This study (to 1100 m)
0.6
Cheney and Richardson [1976] 0.52 (1500 m ref.)

a

TKE
(1016 J) TPE/TKE
0.57
0.35

1.05
1.5

routinely record an estimate of the strength of the signal
which for a specified frequency and range is proportional to
volume backscatter strength, sv, of particles in the ensonified
water. The data returned by the ADCP is of the form (from
the work of Gostiaux and van Haren [2010]):

a

TPE, total potential energy; TKE, total kinetic energy.

kc E ¼ 10 log10

4.3. Total Potential and Kinetic Energy Levels
[35] Even though we now know that the anticyclone
was not an isolated feature, but paired with a cyclone to its
north, which means that there may be exchange of mass
and vorticity between them, the two transects of the anticyclone showed very little difference. The radial distribution
of potential energy is identical within 100 km of the center
(Figure 8), and the TKE integration, when integrated to
150 km we obtain 0.63  1016 and 0.77  1016 J or (0.7 
0.07)  1016 J. They could be brought into closer agreement
if the integration were limited to a smaller area. The differences are undoubtedly real and reflect the fact the anticyclone
is constantly ‘jostling’ with its cyclonic partner. The ratio of
TPE to TKE is 0.96  1017/0.7  1016  14. We have not
been able to find in the literature any study of an anticyclone
with which these numbers can be compared.
[36] The CCR, which is surface intensified as compared
to the anticyclone with its extremum at depth, exhibits wellknown properties. High relative vorticities have been reported
before [e.g., Luce and Rossby, 2008]. Perhaps more interesting
if not remarkable is that the estimated TKE and TPE agree
quite well with the work of Cheney and Richardson [1976],
who determined these exclusively from hydrographic information (Table 1).
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I þ Inoise
Iref

where E is the returned data in counts, kc is the gain factor in
dB/count, Inoise is the combination of electronic and acoustic
noise at the transducer, Iref is a reference acoustic intensity,
and I is the backscattered acoustic intensity that is actually
related to particles volume backscatter strength, the item of
interest.
[40] The difficulty in using this relationship to infer backscatter strength is that one must know first, Iref, either the
outgoing or a reference acoustic intensity, second, the electronic gain of the acoustic receiver, and lastly, the combined
electronic and acoustic noise of the system, all of which are
needed to get an estimate of absolute volume backscatter
strength, sv, as a function of range from the instrument.
However, if comparing only data obtained from a single
ADCP then only the relative backscatter intensity is needed
and reference level, Iref, can be treated as an arbitrary
constant, assuming that the transmitted acoustic intensity
remains invariant over time.
[41] An updated scheme to determine the volume backscatter strength accounting for the spreading of the acoustic
beam, the acoustic attenuation and the total system noise was
recently proposed by Gostiaux and van Haren [2010, equation 9], who suggested the propagation-loss equation:
n
o
 ¼ 10 log 10½A20 logR2aR=10  10kc Enoise =10 ;
kc E

5. Summary
[37] It was entirely fortuitous that the Explorer should
bisect the anticyclone almost perfectly twice, and in so doing
had the effect of conducting two completely independent
mesoscale surveys. The agreement of the findings gives us
considerable confidence in the credibility of the data and of
the analysis methods. The main uncertainties come from the
fact that the eddy is not isolated but paired with a cyclone,
and evidently they had already been paired since at least
early June and continued to be so until early October. We
encountered them just after they had stopped their rapid
translation east and were about to start a gradual drift back
west.
[38] A major point of this study is the ability of the longrange 38 kHz ADCP to give us considerable quantitative
information about the dynamics of the eddy field including
its potential energy and potential vorticity without availability of any concurrent hydrographic or density data. This
study also points to the possibility that the density structure
of the top kilometer of the ocean could be determined
acoustically by means of “reverse geostrophic” using a deepreaching ADCP with occasional XBTs to reference or anchor
the horizontal integration.

Appendix A: Estimating Backscatter Strength
[39] In addition to measuring the Doppler shift of the
backscattered acoustic signal to determine currents, ADCPs

ðA1Þ

ðA2Þ

where Ē is the averaged received signal strength indicator
at range R, A is a constant that incorporates Iref, a is sound
attenuation and kc Enoise is the combined acoustic and electronic noise of the system. In this form, noise is not assumed
to be small relative to the signal and therefore its effects
toward the limits of the ADCP’s range are included. To
actually make use of this form of the propagation equation
one does need to know A, kc and Enoise. In principle one could
determine kc by measuring the volume backscatter strength of
a series of known targets, but that is not easy and has not been
done for the 38 kHz RD Instruments Ocean Surveyor phased
array instrument used here. Gostiaux and van Haren [2010]
suggested a least squares fit of the equation to data but that
assumes a fairly uniform distribution of scatterers. However,
for our data set that approach was not possible because nearly
uniform backscatter profiles over the 1200 m range of the
instrument simply do not exist and we are therefore unable to
make use of the least square fitting method to determine the
constants.
[42] The approach we took was as follows. We determined
the minimum received signal strength indicator, Enoise, by
scanning through backscatter profiles looking for the minimum. For the Explorer ADCP the minimum from 35 cruises
was 28 counts. Then through trial and error, and by comparing the propagation equation to the minimum backscatter
values at each depth for each of the cruises we determined
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Figure A1. Profile of counts as a function of depth for backscatter counts as logged by the ADCP.
that a reasonable fit, as shown in Figure A1, was given using
a kc of 0.5 dB/count and a value for A of 90. The sound
attenuation has a relatively small effect on the signal loss and
so was treated as a constant (0.0096 dB/m) appropriate
to 700 m in the Sargasso, as was done by Gostiaux and
van Haren [2010]. We then used Gostiaux and van Haren’s
equation (8) to form a range corrected estimate of the relative
backscatter intensity, Sv’, in dB:
n
o
S′v ¼ 10 log10 ðsv Þ ¼ 10 log10 10kc E=10  10kc Enoise =10
 A þ 20 log10 R þ 2 a R:

ðA3Þ

[43] Using this method we have generated relative backscatter profiles for each of the eddy transects, as discussed in
section 3.3. In applying equation (A3) we used the mean
attenuation coefficient between the surface and the sample
depth based on a representative temperature and salinity
profile for the region. It is worth noting that the backscatter
looks to be significant at the deepest ranges in these figures
and this appears because of a larger noise level than the
system showed over many cruises. Those minimum noise
levels were produced when the ship was operating at reduced
speeds as compared to the period while transiting the eddies.
The net effect however is confined to depths greater than
about 1000 m and has negligible impact over most of the
profile.
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